The discovery that lymphocyte subpopulations participate in distinct components of the immune response focused attention onto the origins and function of lymphocytes more than 40 years ago. Studies in the 1960s and 1970s demonstrated that B and T lymphocytes were responsible primarily for the basic functions of antibody production and cell-mediated immune responses, respectively. The decades that followed have witnessed a continuum of unfolding complexities in B-cell development, subsets, and function that could not have been predicted. Some of the landmark discoveries that led to our current understanding of B lymphocytes as the source of protective innate and adaptive antibodies are highlighted in this essay. The phenotypic and functional diversity of B lymphocytes, their regulatory roles independent of antibody production, and the molecular events that make this lineage unique are also considered. Finally, perturbations in B-cell development that give rise to certain types of congenital immunodeficiency, leukemia/lymphoma, and autoimmune disease are discussed in the context of normal B-cell development and selection. Despite the significant advances that have been made at the cellular and molecular levels, there is much more to learn, and cross-disciplinary studies in hematology and immunology will continue to pave the way for new discoveries.
Introduction
Despite a monotonous microscopic appearance that belies their remarkable developmental and functional heterogeneity, lymphocytes have stimulated the intellectual curiosity and challenged the experimental skills of investigators in many disciplines. We know them as T (thymus-derived) and B (bursal or bone marrowderived) lymphocytes, and the latter is the focus of this historical essay. A simple definition of B lymphocytes is a population of cells that express clonally diverse cell surface immunoglobulin (Ig) receptors recognizing specific antigenic epitopes. Their origin can be traced to the evolution of adaptive immunity in jawed vertebrates beginning more than 500 million years ago. 1 As shown in Figure 1 , mammalian B-cell development encompasses a continuum of stages that begin in primary lymphoid tissue (eg, human fetal liver and fetal/adult marrow), with subsequent functional maturation in secondary lymphoid tissue (eg, human lymph nodes and spleen). The functional/protective end point is antibody production by terminally differentiated plasma cells. However, these B-cell development stages and their functional identities were essentially discovered in reverse chronologic order.
The discovery of B cells did not originate in the identification of a cell, but rather the identification of a protein (ie, Ig or antibody). Identification of serum gammaglobulin as the source of antibodies 2 was a launching point for the eventual discovery of antibodyproducing cells. Plasma cells were suggested as a source of antibody production as early as 1948. 3 The 2 competing views of antibody formation, the "natural selection" theory and the "clonal selection" theory, were proposed by 2 giants of 20th century immunology: Niels Jerne 4 and Sir Macfarlane Burnet. 5 Both men subsequently won the Nobel Prize in Physiology or Medicine-Burnet in 1960 and Jerne in 1984. Shortly thereafter, the first experimental evidence to support the clonal selection theory was revealed by studying single cells. 6 A historical vignette describing those times was recently published by Sir Gustav Nossal. 7 The chemical structure of the antibody molecule was elucidated by Gerald Edelman 8 and Rodney Porter, 9 who went on to share the Nobel Prize in Physiology or Medicine in 1972.
The 1960s and 1970s yield the identity of B cells
The discovery and characterization of B cells occurred in the mid-1960s and early 1970s using experimental animal models, clinical evaluation of patients with immune deficiency diseases, 10 and the nascent technology of cell surface molecule characterization. B and T cells were essentially discovered simultaneously. Max Cooper and Robert Good suggested a functional division of labor between cells in the chicken bursa of Fabricius responsible for antibody production and cells that required an intact thymus for manifestation of delayed-type hypersensitivity (Cooper et al 11, 12 ). Murine transplant models were used to demonstrate that cells derived from the marrow were the subset that mediated antibody responses. 13, 14 A developmental link between B cells and antibody production was then revealed by studies showing that surface Ig expression could be used as a marker to characterize normal and leukemic B cells. 15, 16 The first major review of B and T lymphocytes was published in Nature 17 followed by a textbook on the subject. 18 Blood published one of the earliest papers in this nascent field, reporting that surface Ig was expressed on peripheral blood lymphocytes from patients with chronic lymphocytic leukemia. 19 Characterization of cell surface marker expression by normal and malignant B (and T) cells spawned a new method of immunophenotyping for the classification of leukemias and lymphomas, a critical diagnostic adjunct that to this day represents a gold standard for the diagnosis and treatment of these malignancies. These seminal studies also facilitated the identification and characterization of normal B cells, since purification of peripheral blood or tonsillar B cells was technically difficult at the time.
Following in the footsteps of their initial independent contributions, Martin Raff and Cooper collaborated to identify precursor (pre)-B cells in murine fetal liver and marrow (Raff et al 20 ) . The existence of a rare population of lymphoid cells expressing cytoplasmic H chains suggested that pre-B cells were the precursors of newly formed B cells expressing cell surface IgM. Shortly thereafter, pre-B cells with similar characteristics were described in human fetal liver and marrow. 21 Application of this discovery to studies of hematopoietic malignancies revealed that cells expressing cytoplasmic H chains were the dominant subclone in some cases of childhood acute lymphoblastic leukemia (ALL) 22 and chronic myeloid leukemia in lymphoid blast crisis. 23
What makes a lymphocyte a B cell?
B-cell development in mice 24 and humans 25 has been extensively studied, and the functional rearrangement of the Ig loci is a sine qua non. This occurs via an error-prone process involving the combinatorial rearrangement of the V, D, and J gene segments in the H chain locus and the V and J gene segments in the L chain loci. 26 Susumu Tonegawa was awarded the Nobel Prize in Physiology or Medicine in 1987 for this discovery. In mice and humans, this occurs primarily in fetal liver and adult marrow, culminating in the development of a diverse repertoire of functional VDJ H and VJ L rearrangements encoding the B-cell receptor (BCR). However, in other species (eg, chickens and rabbits) the development of the preimmune Ig repertoire occurs primarily in GALT, and diversification of the repertoire uses the mechanism of gene conversion. 27, 28 The discovery of the recombination activating genes 1/2 (RAG-1/2) in the late 1980s by David Baltimore and colleagues provided the mechanistic explanation for the initial steps of DNA strand breakage in both Ig and T-cell receptor rearrangement (Schatz et al 29 and Oettinger et al 30 ) .
Early B-cell development is characterized by the ordered rearrangement of Ig H and L chain loci, and Ig proteins themselves play an active role in regulating B-cell development. 31 Pivotal to understanding how early B-cell development is regulated was the discovery of surrogate L chains (SLCs). Originally identified in murine B-lineage cells, 32 the SLC is a heterodimer consisting of 2 distinct proteins originally designated 5 and VpreB. These 2 proteins pair with the H chain to form the so-called pre-BCR in murine and human pre-B cells. 33 Pre-B cells arise from progenitor (pro-B) cells that express neither the pre-BCR or surface Ig ( Figure  1 ). Whether pre-BCR interactions with ligand(s) can serve as a proliferative stimulus and thereby expand pre-B cells with functional H chain rearrangements remains unknown. Although potential pre-BCR ligands have been described, 34, 35 the recent crystal structure solution of a soluble form of the human pre-BCR suggests that ligand-independent oligomerization is a likely mechanism of pre-BCR-mediated signaling. 36 Subsequently, BCR expression is requisite for B-cell development and survival in the periphery. 37 Antigen-induced B-cell activation and differentiation in secondary lymphoid tissues are mediated by dynamic changes in gene expression that give rise to the germinal center (GC) reaction (see section on B-cell maturation). The GC reaction is characterized by clonal expansion, class switch recombination (CSR) at the IgH locus, somatic hypermutation (SHM) of V H genes, and selection for increased affinity of a BCR for its unique antigenic epitope through affinity maturation. CSR, also known as isotype-switching, was first demonstrated in the chicken. 38 A decade after the discovery of RAG1/2, Honjo and his colleagues (Muramatsu et al 39 ) demonstrated that CSR and SHM are mediated by an enzyme designated activation-induced cytidine deaminase (AID). Expectedly, B-cell AID expression is induced in GCs where CSR and SHM occur. There are 2 theories on how AID functions to promote antibody diversification. One suggests that AID carries out an "RNA editing" function-not being the source of hypermutator activity, per se, but cooperating with another protein to mediate SHM. 40 A more prevailing view posits that AID participates more directly to effect For personal use only. on November 13, 2017. by guest www.bloodjournal.org From mutation of IgH genes at the DNA level. 41 Unfortunately, generating a diverse protective Ig repertoire can be deleterious because AID can collaborate with other enzymes to generate chromosomal translocations involving c-myc and the IgH locus in some B-cell lymphomas. 42 Lymphocyte development requires the concerted action of a network of cytokines and transcription factors that positively and negatively regulate gene expression. Marrow stromal cell-derived interleukin-7 (IL-7) is a nonredundant cytokine for murine B-cell development that promotes V to DJ rearrangement and transmits survival/proliferation signals. 43 FLT3-ligand and TSLP play important roles in fetal B-cell development. 24 The cytokine(s) that regulate human B-cell development are not as well understood. 25 However, the presence of normal numbers of circulating B cells in primary immune deficiency patients with mutations in genes encoding the IL-7R argues that B-cell development at this stage of life does not require IL-7R signaling. 44 An informative experiment of nature would be a patient with a null mutation in the IL-7 gene, but no such patient has yet been described. The cytokine (or cytokines) that promote marrow B-cell development at all stages of human life remains unknown.
At least 10 distinct transcription factors regulate the early stages of B-cell development, with E2A, EBF, and Pax5 being particularly important in promoting B-lineage commitment and differentiation. 45 Pax5, originally characterized by its capacity to bind to promoter sequences in Ig loci, may be the most multifunctional transcription factor for B cells. 46 Pax5-deficient mice have an arrest in B-cell development at the transition from DJ to VDJ rearrangement. An important revelation came from the discovery that Pax5 can activate genes necessary for B-cell development and repress genes that play critical roles in development of non-B-lineage cells. Thus, Pax5-deficient pro-B cells harbor the capacity to adapt non-B-lineage fates and develop into other hematopoietic lineages. 47 Pax5 also regulates expression of at least 170 genes, a significant number of them important for B-cell signaling, adhesion, and migration of mature B cells. 46 Conditional Pax5 deletion in mature murine B cells can result in dedifferentiation to an uncommitted hematopoietic progenitor and subsequent differentiation into T-lineage cells under certain conditions. 48 It is remarkable that eliminating the function of this single transcription factor can lead to such a profound change in developmental fate. One obvious question is the whether such dedifferentiation occurs in normal mice (or healthy humans)? Alterations in the Pax5 locus may also have dire consequences; mice lacking Pax5 frequently develop high-grade lymphomas. 48 Moreover, up to 30% of newly diagnosed cases of childhood B-lineage ALL harbor somatic PAX5 mutations, representing primarily monoallelic deletions. 49 This provides a fresh perspective on the well-known maturation arrest in early B-cell development that characterizes essentially all childhood ALL cases.
Charting the B-cell surface
Up until approximately 1980, the molecular architecture of the B-cell surface was known to consist of membrane-bound Ig, complement component receptors, and Fc receptors; beyond that, the molecular constitution of the cell surface was completely uncharacterized. That all changed with the advent of monoclonal antibody (mAb) technology, a classic example of how the field of B-cell immunology has contributed important experimental tools that influence diverse areas of biology. 50 The authors' involvement in characterizing B-lineage cell surface molecules with mAbs began as a postdoctoral fellow (T.W.L.) with John Kersey, and a graduate student (T.F.T.) with Max Cooper. In parallel, with Lee Nadler and the team of Ed Clark and Jeff Ledbetter, most of these B cell-restricted cell surface molecules were identified. Fittingly, the first B cell-specific molecule described was termed B1 by Nadler and colleagues (Stashenko et al 51 ) and is now known as CD20.
Over the past 25 years, approximately 10 B cell-specific cell surface molecules have been identified by mAbs, with non-B-cell expression identified for some following their original characterization (Table 1 ). To bring a common nomenclature to the field, these mAbs were given WHO-sanctioned designations as "clusters of differentiation" (CD) by a series of international workshops on human leukocyte differentiation antigens. The first workshop held in Paris in 1982 was organized by Alain Bernard, Laurence Boumsell, Jean Dausset, César Milstein, and Stuart Schlossman. The CD nomenclature facilitated the classification of mAbs generated by different laboratories around the world against leukocyte cell surface epitopes. The mAbs were assigned a CD number once 2 independent mAbs were shown to bind to the same molecule. Since then, CD numbers have been assigned to more than 320 unique clusters and subclusters of mAbs. The CD designation is now universally embraced as a label for the target molecule rather than just a grouping of mAbs with common reactivity.
Following their identification using mAbs, the structures of B cell-restricted target molecules have been determined and genetargeted mice lacking expression of these CDs have been generated. Most of these target molecules regulate B-cell development and function, facilitate communication with the extracellular environment, or provide a cellular context in which to interpret BCR signals. Critical to the latter function are CD79a (Ig␣) and CD79b (Ig␤), which are noncovalently associated components of the multiprotein cell surface BCR complex first described by John Cambier (Campbell et al 52 ). CD79a and CD79b cytoplasmic domains contain highly conserved motifs for tyrosine phosphorylation and Src family kinase docking that are essential for initiating BCR signaling and B-cell activation. 53 Studies from many laboratories evaluating murine and human B-lineage cells allow us to draw general conclusions regarding the function of specific cell surface molecules. CD19 is expressed by essentially all B-lineage cells and regulates intracellular signal transduction by amplifying Src-family kinase activity. CD20 is a mature B cell-specific molecule that functions as a membraneembedded Ca 2ϩ channel. Importantly, ritixumab is a chimeric CD20 mAb, which was the first mAb approved by the Food and Drug Administration (FDA) for clinical use in cancer therapy (eg, follicular lymphoma). CD21 is the C3d and Epstein-Barr virus receptor that interacts with CD19 to generate transmembrane signals and inform the B cell of inflammatory responses within microenvironments. CD22 functions as a mammalian lectin for ␣2,6-linked sialic acid that regulates follicular B-cell survival and negatively regulates signaling. CD23 is a low-affinity receptor for IgE expressed on activated B cells that influences IgE production. CD24 was among the first pan-B-cell molecules to be identified, but this unique GPI-anchored glycoprotein's function remains unknown. CD40 serves as a critical survival factor for GC B cells and is the ligand for CD154 expressed by T cells. CD72 functions as a negative regulator of signal transduction and as the B-cell ligand for Semaphorin 4D (CD100). There may be other unidentified molecules preferentially expressed by B cells, but the cell surface landscape is likely dominated by molecules shared with multiple leukocyte lineages. For example, David Pisetsky demonstrated in 1991 that B cells proliferate in response to bacterial DNA stimulation (Messina et al 54 ) , indicating the existence of B-cell surface receptors for DNA. These are now known to represent Toll-like receptors that are expressed by multiple leukocyte lineages.
B-cell maturation and subset development
B cells outside the marrow are morphologically homogenous, but their cell surface phenotypes, anatomic localization, and functional properties reveal still-unfolding complexities. Immature B cells exiting the marrow acquire cell surface IgD as well as CD21 and CD22, with functionally important density changes in other receptors. Immature B cells are also referred to as "transitional" (T1 and T2) based on their phenotypes and ontogeny ( Figure 1) , and have been characterized primarily in the mouse. 55 Immature B cells respond to T cell-independent type 1 antigens such as lipopolysaccharides, which elicit rapid antibody responses in the absence of MHC class II-restricted T-cell help. 56 The majority of mature B cells outside of the GALT reside within lymphoid follicles of the spleen and lymph nodes, where they encounter and respond to T cell-dependent foreign antigens bound to follicular dendritic cells (DCs), proliferate, and either differentiate into plasma cells or enter GC reactions.
GCs containing rapidly proliferating cells (ie, centroblasts) were first described in 1884, but were identified as the main site for high-affinity antibody-secreting plasma cell and memory B-cell generation a century later. 57 It is within GCs where SHM and purifying selection produce the higher affinity B-cell clones that form the memory compartments of humoral immunity. 57, 58 Significantly, affinity maturation in GCs does not represent an intrinsic requirement for BCR signal strength but rather a local, Darwinian competition. The dynamics of lymphocyte entry into follicles and their selection for migration into and within GCs represents a complex ballet of molecular interactions orchestrated by chemotactic gradients and BCR engagement that is only now being elucidated. 59 B-cell subsets with individualized functions such as B-1 and marginal zone (MZ) B cells have also been identified. First described in 1983 by Lee Herzenberg, murine B-1 cells are a unique CD5 ϩ B-cell subpopulation (Hayakawa et al 60 ) distinguished from conventional B (B-2) cells by their phenotype, anatomic localization, self-renewing capacity, and production of natural antibodies. 61 Peritoneal B-1 cells are further subdivided into the B-1a (CD5 ϩ ) and B-1b (CD5 Ϫ ) subsets. Their origins, and whether they derive from the same or distinct progenitors compared with B-2 cells, have been controversial. 62 However, a B-1 progenitor that appears distinct from a B-lineage progenitor that develops primarily into the B-2 population has been identified in murine fetal marrow, and to a lesser degree in adult marrow. 63 B-1a cells and their natural antibody products provide innate protection against bacterial infections in naive hosts, while B-1b cells function independently as the primary source of long-term adaptive antibody responses to polysaccharides and other T cell-independent type 2 antigens during infection. 64 The function and potential subpopulation status of human B-1 cells is less understood. 62 MZ B cells are a unique population of murine splenic B cells with attributes of naive and memory B cells, 65 and constitute a first line of defense against blood-borne encapsulated bacteria. Uncertainty regarding the identity of human MZ B cells partially reflects the fact that the microscopic anatomy of the human splenic MZ differs from rodents. 66 Likewise, the microscopic anatomy of human follicular mantle zones is not recapitulated in mouse spleen and lymph nodes.
The B1, MZ, and GC B-cell subsets all contribute to the circulating natural antibody pool, thymic-independent IgM antibody responses, and adaptive immunity by terminal differentiation into plasma cells, the effector cells of humoral immunity. 67 Antigen activation of mature B cells leads initially to GC development, the transient generation of plasmablasts that secrete antibody while still dividing, and short-lived extrafollicular plasma cells that secrete antigen-specific germ line-encoded antibodies (Figure 1 ). GC-derived memory B cells generated during the second week of primary antibody responses express mutated BCRs with enhanced affinities, the product of SHM. Memory B cells persist after antigen challenge, rapidly expand during secondary responses, and can terminally differentiate into antibody-secreting plasma cells. 68 In a manner similar to the early stages of B-cell development in fetal liver and adult marrow, plasma cell development is tightly regulated by a panoply of transcription factors, most notably Bcl-6 and BLIMP-1. 69 Persistent antigen-specific antibody titers derive primarily from long-lived plasma cells. 67 Primary and secondary immune responses generate separate pools of long-lived plasma cells in the spleen, which migrate to the marrow where they occupy essential survival niches and can persist for the life of the animal without the need for self-replenishment or turnover. 67, 68 The marrow plasma cell pool does not require ongoing contributions from the memory B-cell pool for its maintenance, but when depleted, plasma cells are replenished from the pool of memory B cells. 70 Thereby, persisting antigen, cytokines, or Toll-like receptor signals may drive the memory B-cell pool to chronically differentiate into long-lived plasma cells for long-lived antibody production.
B-cell functions in addition to antibody production
In addition to their essential role in humoral immunity, B cells also mediate/regulate many other functions essential for immune homeostasis ( Figure 2 ). Of major importance, B cells are required for the initiation of T-cell immune responses, as first demonstrated in mice depleted of B cells at birth using anti-IgM antiserum. 71 However, this has not been without controversy as an absence of B cells impairs CD4 T-cell priming in some studies, but not others. Nonetheless, antigen-specific interactions between B and T cells may require the antigen to be first internalized by the BCR, processed, and then presented in an MHC-restricted manner to T cells. [72] [73] [74] Recent studies depleting B cells from normal adult mice demonstrated that B cells are essential for optimal CD4 T-cell activation during immune responses to low-dose foreign antigens and autoantigens, balancing this responsibility with DCs. 75 The differential activation and expansion of CD4 T cells by B cells and/or DCs may impart characteristic features on immune responses, making this a critical area for future studies of host defense and autoimmunity.
The congenital absence of B cells during mouse development also leads to abnormalities within the immune system, including a profound decrease in thymocyte numbers and diversity, significant defects within spleen DC and T-cell compartments, an absence of Peyer patch organogenesis and follicular DC networks, and an absence of MZ and metallophilic macrophages with decreased chemokine expression. While critical for normal immune system development, B cells are also important for its maintenance. For example, B cells can release immunomodulatory cytokines that can influence a variety of T-cell, DC, and antigen-presenting cell functions, regulate lymphoid tissue organization and neogenesis, regulate wound healing and transplanted tissue rejection, and influence tumor development and tumor immunity. B cells can also function as polarized cytokine-producing effector cells that influence T-cell differentiation. 76 In addition, regulatory B cells have been described. 77 One phenotypically distinct subset, designated B10 cells, has been shown to uniquely regulate T cell-mediated inflammatory responses through the production of IL-10 ( Figure   1 ). 78 The further characterization of B-cell subsets that carry out each of these functions and the molecular mediators for these diverse activities are exciting areas for future study.
Abnormalities in B-cell development: immunodeficiencies
The importance of genes encoding the pre-BCR and downstream signaling molecules has been demonstrated in gene-targeted mice and patients with primary immunodeficiencies. Perhaps the best studied is the Bruton tyrosine kinase (BTK) gene mutated in X-linked agammaglobulinemia (XLA). 79, 80 XLA was originally observed in a single male patient with recurrent bacterial sepsis and no detectable serum gammaglobulin. 81 All XLA patients have a block at the pro-B to large pre-B-cell transition in marrow, and a substantial reduction in the percentage of normal peripheral blood B cells. 82 Btk plays a central role in signaling downstream of pre-BCR and BCR activation, primarily by promoting calcium flux. 83 The BTKbase has cataloged more than 600 distinct mutations in 1100 patients, 84 with many mutations leading to changes in Btk protein folding or stability. Although the perturbation in marrow B-cell development is a universal characteristic of XLA patients, susceptibility to specific pathogens, age at diagnosis, number of circulating B cells, and level of serum Ig are more variable. 82 Interestingly, the Btk mutation in the xid mouse and mice with a targeted disruption of Btk 82 have a milder form of B-cell immunodeficiency compared with most XLA patients. Future studies may reveal the contribution of individual genetic variation in either compensating for or exacerbating the phenotypic effect of a BTK mutation. 85 Two heterogeneous groups of immunodeficiencies impact primarily later stages of B-cell development. Individuals with common variable immune deficiency (CVID) exhibit low serum Ig and an increased susceptibility to infection, accompanied by variable reductions in memory B cells, CSR, and B-cell activation. Mutations in several genes have been identified in CVID patients, including the activated T-cell stimulatory molecule ICOS, the B-cell surface receptor CD19, and the TNF receptor superfamily member TACI. 86 However, it is estimated that mutations in these 3 genes occur in only 10% to 15% of CVID patients. The age at diagnosis ranges from 3 to 78 years and is probably influenced by a host of genetic and environmental factors. A second group includes individuals with so-called hyper-IgM syndrome. These patients have recurrent infections, elevated serum IgM, a relative paucity of other serum Ig isotypes, and a general failure of B cells to undergo CSR and SHM. 87 Mutations in several genes have been identified, the most common being a mutation in CD154 (CD40 ligand) expressed on activated T cells, which is inherited as an X-linked mutation. Rare patients with mutations in CD40, IKK-gamma/NEMO, and uracil-DNA glycosylase have also been reported. The critical function of AID in development of a functional Ig repertoire is underscored by the fact that patients with an autosomal recessive form of the hyper-IgM syndrome harbor a deficiency of this enzyme. 88
Abnormalities in B-cell regulation: autoimmunity
A series of checkpoints normally controls B-cell selection, both centrally in the marrow and in the peripheral lymphoid tissues; in the latter a second screening process for reactivity with peripheral self-antigens results in apoptosis, receptor editing, or anergy. 89 The outcome is the production of a diverse population of B cells capable of producing high-affinity effector antibodies that have been purged of pathological autoreactivity. However, disruption of the delicate balance between activating and inhibitory signals that regulate normal B-cell activation and longevity can predispose to pathogenic autoantibody production and autoimmunity.
Autoantibodies represent important hallmarks for adaptive immune responses that are inappropriately directed against selftissues. 90 Autoantibody and rheumatoid factor identification during the 1950s to 1970s triggered a paradigm shift that some "connective tissue diseases" such as rheumatoid arthritis were actually autoimmune diseases. The identification of autoantibodies in glomerulonephritis patients in 1949 provided the first clinical and experimental evidence that disease is due to a continuous organspecific antigen-antibody reaction. 91 Equally remarkable is that rheumatoid factor was identified and biochemically characterized in 1957, prior to the identification of IgM and IgG. 92 Although a close correlation between autoantibody production and systemic autoimmune disease is universally acknowledged, the precise contributions of autoantibodies and their autoantigen targets to disease pathogenesis remain to be elucidated in many human syndromes. Furthermore, B cells may contribute to autoimmune pathogenesis by presentation of autoantigen to T cells, or through production of proinflammatory cytokines. 93 A striking example of how dysregulated apoptotic regulatory genes can lead to autoimmunity is in Bcl-2 transgenic mice. Enforced Bcl-2 expression allows the inappropriate survival of autoreactive B-cell clones that normally are lost through negative selection and apoptosis. 94 Bcl-2 transgenic mice develop antinuclear antibodies, immune complex deposition, and glomerulonephritis. MRL mice homozygous for mutations in Fas or FasL (frequently referred to as the lpr and gld phenotypes, respectively) spontaneously develop an autoimmune disease resembling human systemic lupus erythematosus (SLE). 95 Subtle alterations in signaling pathways that influence BCR responses to autoantigen are also sufficient to predispose mice and possibly humans to autoantibody production and autoimmunity. For example, mice with lymphoproliferation phenotypes share similarities with Canale-Smith syndrome, a childhood disorder characterized by lymphadenopathy and autoimmunity due to novel FAS mutations. 96 In most cases of human autoimmune disease, however, the combination of environmental factors and polygenic effects collectively dysregulate normal B-cell function and thereby confer disease susceptibility.
As it has become more obvious that B cells contribute substantially to multiple human autoimmune diseases, highly targeted less toxic therapies focused on restoring normal B-cell function and eliminating pathogenic autoantibodies are beginning to reduce the reliance on immunosuppressive drugs. Rituximab (CD20 mAb) effectively reduces B-cell numbers without significant toxicity, and has become a standard therapy for rheumatoid arthritis and increasingly for other autoimmune diseases as well. 97 Studies in the mouse have shown that rituximab leads to B-cell elimination by monocyte-mediated Ab-dependent cellular cytotoxicity, 98 but likely inhibits autoimmune disease initiation by regulating CD4 ϩ T-cell expansion, thereby delaying the subsequent inflammatory phase of disease that leads to tissue pathology. 75 The BAFF/BlyS cytokine produced by DCs and monocyte/ macrophages is particularly important in B-cell survival and For personal use only. on November 13, 2017. by guest www.bloodjournal.org From differentiation. 99 BAFF binds 3 receptors-BCMA, TACI, and BAFF-R 100 -and induces immature B-cell survival and mature B-cell proliferation within peripheral lymphoid tissues when coupled with BCR ligation. BAFF transgenic mice have SLE-like disease, and elevated BAFF levels are found in a significant number of SLE patients. Such findings suggest that antagonizing BAFF function may disrupt B-cell survival. Disrupting CD22 ligand binding also disrupts B-cell survival and may thereby provide an additional therapeutic strategy for patients with autoimmune disease. 101 
B-cell abnormalities: leukemia and lymphomas
Studies at the interface of hematology and immunology are exemplified by interchangeable lessons learned from parallel evaluation of B-cell ontogeny and hematologic malignancies. Broadly speaking, the normal B-cell developmental stages shown in Figure 1 have malignant counterparts that reflect the expansion of a dominant subclone leading to development of leukemia and lymphoma. Figures 3 and 4 show some specific subtypes of human leukemia/lymphoma and their approximate stage of B-cell development, and selected morphologic images. The application of mAbs in multiparameter flow cytometry, 102 detection of Ig gene rearrangements, detection of cytogenetic/molecular genetic abnormalities, and gene expression profiling 103 have revealed an incredibly detailed portrait of gene expression and gene product function in normal and malignant B-lineage cells. For example, the marriage of Ig gene rearrangement detection and mAb phenotyping resulted in the so-called (at the time) "non-T, non-B" ALL being reclassified as a malignancy of B-cell precursors. 104 The antiapoptotic Bcl-2 gene was discovered as the translocation partner with the IgH locus in the t(14;18)(q32;q21); frequently occurring in follicular lymphoma. 105 Not only are the biologic and clinical consequences of Bcl-2 overexpression in follicular lymphoma profound, but the concept that increased expression of a single protein could promote cell survival has had an impact in areas of biology that go far beyond this lymphoma. The discovery that a substantial number of cases of diffuse large B-cell lymphoma exhibit dysregulated expression of the transcriptional repressor Bcl-6 106 has led to new insight into the normal developmental program of antigenactivated B cells and the transformation events that underlie this lymphoma. The developmental origin of the Hodgkin/Reed-Sternberg cell in Hodgkin lymphoma, a controversy that was unsettled for many years, was resolved by single-cell analyses indicating a B-lymphocyte origin based on the demonstration of clonal Ig gene rearrangements. 107
Concluding remarks
B cells are blood cells. Studies of normal and abnormal B-cell development/function have crossed the 2 prominent disciplines of hematology and immunology since the inception of Blood 50 years ago. A prominent accomplishment of this cross-disciplinary effort is the identification of somatic mutations in B-lineage cells that can result in immunodeficiency and leukemia/lymphoma. However, the underlying genetic abnormalities that predispose to many autoimmune diseases are much less well characterized, and likely are more complex. Continuing characterization of how B cells communicate with and respond to their microenvironment will provide additional insight into the pathophysiology of autoimmune disease. High-throughput SNP analysis and modifier gene characterization will likely lead to revised etiologies for these disorders. Progress in basic and clinical B-cell research has been a gradual continuum, with notable spikes of discovery frequently driven by technical advances. This will continue. For example, continuing technical advancements in intravital and subcellular imaging, genomics, and proteomics will be drivers of discovery. Imaging tools at the tissue/cellular and molecular levels will characterize critical interactions and protein topologies not feasible with conventional biochemical/biophysical methods. We expect that the proteome of B-lineage cells at various stages of development will be quantified in the not-too-distant future. This will require assistance from our bioinformatics colleagues to make sense of it all. The recently discovered noncoding micro RNAs (miR) have already emerged as a new centerpiece of understanding. One species, miR-155, regulates GC formation 108 and plasma cell development. 109 Alterations in miR expression in leukemia and lymphoma are being rapidly characterized. The target genes regulated by miR will reveal another layer of developmental complexity that may also provide new insight into B-cell development and the pathogenesis of leukemia/lymphoma, immunodeficiency, and autoimmunity.
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